γ ∈ N for coil windings γ ∈ {N, N /2} for bar windings,
and g ∈ N for symmetrical windings g / ∈ N for unsymmetrical windings,
where N is the set of natural numbers.
72
If conditions (4) and the first of Eq. (5) are satisfied, the winding is symmetrical; otherwise, it is 73 asymmetrical. In any case, for the computation of (1), the initial value of the empty slots η is assigned 74 equal to zero. If (4) is not satisfied, then the value of η must be determined through formula
where γ is the largest integer less than or equal to γ. In this way, considering empty slots or 76 unwound coils, the first condition of winding symmetry expressed by (4) is always satisfied. It must 77 be underlined that (6) is valid only if m > 1.
78
The assignment of η between the different phases can be arbitrary if η = m (even if the distribution 
83
An exception is valid if m = 1 (single phase windings), for which the following equation has to 84 be considered in place of (6):
where a winding covering 2 /3 of the slots is considered.
86
The number of wound slots per pole per phase is determined as
where a = q and z /i·p is a proper fraction. If q is an integer number, then the winding is called 88 "integral slot winding". Otherwise, if q is a fractional number, the winding is defined as "fractional slot 89 winding".
90
Moreover, in the cases where η > 0, it is advantageous to define the number of slots per pole per 91 phase given by
If η = 0, then Q = q.
93
In order to recognize basic winding configurations when q is a fractional number and η = 0, the 94 following equation must be taken into account (considering (8)):
which gives the numerator of the proper fraction contained in (8) . In this equation the case i = 2 96 can be referred both to double-layer windings and to single-layer bar windings when γ ∈ N /2. In the 97 last case, with η = 0, i = 1 and k ∈ N, relation (1) becomes
which meets condition (1) for double layer windings. Furthermore, the factor t must be defined 99 for fractional slot windings: 100 t = gcd(z, p).
If t = 1, the winding is a basic one. Otherwise, the winding is composed by t repetitions of the 101 same basic winding, which is composed by N = N /t slots and p = p /t pole pairs. If η > 0 then it is 102 sometimes convenient to set t = 1 in order to avoid the case η > m (a case in which there would be 103 too much unwound slots or coils).
104
For integer slot windings (q ∈ N and η = 0) the number of repetitions is equal to t = p, because
105
N and p have the same divisor equal to p itself as can be deduced by (8). 
WDT Procedure

107
The proposed winding distribution procedure is based on the construction of a Winding
108
Distribution Table ( WDT), which allows the assignment of a specific stator slot to a winding phase 109 section [6, 23] . Hereafter the basic rules to determine the WDT are defined. 
Determination of WDT
111
This table, containing N elements, is composed by a number of rows equal to m and a number of columns equal to
whose elements are ordered as shown in Table 1 . 
112
In order to clarify this procedure, The parameter t given in (3) determines the number of superposing EMF stars related to the 141 specific winding configuration. Therefore, in the WDT, the slots associated to the cells from kt + 1 142 to (k + 1)t (with k = 0, 1, 2, ..., N /t − 1) will have the same phase-angle, by following the WDT path 143 previously defined and shown in Table 2 . In particular, each EMF star is composed by N/t phasors,
144
phase-shifted to each other by an electrical angle α equal to
By following these considerations it is possible to reconfigure Table 1 and to build Table 3 as 146 used in [3, 6] , in which the electrical angles ϕ k of each slot-phasor pair are computed by the following 147 formula: Table 3 . Electrical angles of the star of slots (j = 1, ..., t).
With reference to the previous example, it can be noticed that each EMF star is composed by 150 N/t = 24/2 = 12 phasors, phase-shifted to each other by an electrical angle α equal to
Therefore, t = 2 represents the number of phasors having equal phases. In this example (see Table   152 2), the pair of phasors 1-13, 2-14, 3-15, 4-16... have the same phase-shift. Moreover, the consecutive 153 pairs are shifted between each other by an angle equal to 30°, as shown in Fig. 1 phases for each h − th phase can be computed through the following equations:
and
where:
a h,n is a generic element of the WDT, n = 1, 2, ..., N /m is the n-th column of the WDT and h = WDT columns (these group of columns are indicated in Figure 2 as "right side") must all be shifted in 178 the upper direction by ζ shifts (see Figure 2 ) and their sign must be changed, where
The number of columns to be shifted depends on the type of winding. In the case of a single 180 layer symmetrical winding, N /2m = γ columns must be shifted, due to the fact that the number of 181 positive slots must be equal to the negative ones and the WDT will be divided into two equal left and 182 right sides. In the case of a single layer bar winding, it may happens that γ be a fraction with the 183 denominator equal to 2. Therefore, γ ± 1 = N /2m ± 1 columns should be shifted. For the double-layer 
WDT for Reduced Systems
194
For reduced systems the WDT is not affected by vertical shifting, but the quadrants named 1 Reduced system whose number of phases is not a power of 2 are composed by m g groups of 202 m u -phase systems shifted by an angle of
where
is the greatest prime factor of m, and
For example a reduced system winding with m = 10 phases can be decomposed into m g = 2
206
groups of m u = 5-phase systems; a reduced system winding with m = 12 phases can be decomposed 207 into m g = 4 groups of m u = 3-phase systems. The even groups of a reduced systen must then be Another simple possible procedure to solve single phase windings is to consider them as derived 216 from a three-phase winding, but excluding one phase (therefore, the "starting phase" can be located in 217 the unwound slots). An example of this approach will be shown and discussed in the last example of Table 2 . The winding scheme is visualized in Figure 5a .
246
As previously mentioned, the WDT can be referred to both single-layer and double-layer windings.
247
Indeed, for double layer configuration, the position of the left side of a coil is defined by the number 248 corresponding to the slot, whereas the position of right side is defined by the coil pitch y c , which is 249 equal, in most cases, to 5 /6 · y p (a shortened pitch employed for the limitation of both the 5-th and 7-th 250 harmonics), where y p = N /2p is the pole pitch expressed in terms of number of slots. An example of 251 double-layer winding scheme is plotted in Figure 5b , where y c = 5. Winding with 1 path. Tables 7 and 8 show the WDT referred to a three-phase winding with N = 27, p = 3, for a 253 single-layer and a double-layer configuration, respectively. It can be noticed that, in case of single-layer 254 coil winding, three empty slots are required (η = 3) in order to satisfy the symmetry conditions. The 255 corresponding unwound slots are highlighted by the crossed elements of Table 7 . The winding is 256 therefore composed by the same number of positive and negative slots. Here Q = 1 + 1 /2 and q = 2.
257
The corresponding star of slots achieved from the two WDT Table and Table 7 . WDT for a single-layer, three-phase winding with N = 27, m = 3 and p = 3. If it is necessary to fill also the empty slots only a bar winding can be here considered as shown in Table 9 . 
6-phase Windings
274
An example of WDT applied to multiphase winding configurations is reported in Table 10, which   275 shows the WDT for a six-phase, non-reduced winding with N = 36, p = 5, γ = 3 and q = 3 /5, whose 276 corresponding star of slot is shown in Figure 10a .
277
By applying now the swapping procedure to Table 10 (without shifting) and the phases reordering 278 following Table 6 described in Subsection 3.4, and by changing the sign of rows 3 and 4 in order to 279 achieve a radial symmetry (as general rule the WDT rows of the even numbered phase groups are 280 multiplied by −1), it is possible to determine the WDT referred to the reduced winding configuration,
281
shown in Table 11 . The star of slots referred to this type of winding is plotted in Figure 10b . It can be 282 noticed that this reduced configuration is composed by two groups (m g = 2) of three-phase winding 283 sections (m u = 3), phase-shifted between each other by an angle corresponding to 30°: the first one is 284 composed by phases 1-5-3, whereas the second group by phases 2-6-4. Tables 10 and 11 can be now used to determine the winding configuration: here a single layer 286 configuration has been chosen for the non reduced system winding, whereas a double layer one with 287 coil pitch y c = 3 has been chosen for the reduced system. The winding diagrams are shown in Figure   288 11a and in Figure 11b , respectively. In the case of the double layer winding, Table 11 
285
2-phase Winding
292
A reduced 2-phase double-layer winding is here considered, with N = 28, p = 1, y c = 12. The
293
WDT is represented in Table 12 .
294
After swapping Quadrant 1 and 3 and changing the signs of Quadrants 1 and 4 the WDT becomes 295 as shown in Table 13 . Figure 12a represents the related star of slots and Figure 12b shows the 296 double-layer winding scheme. 
7-phase Winding
298
Another example consists in a seven-phase machine with 42 slots and 2 pole pairs. The WDT 299 parameters can be easily determined by taking into account the equations described in Section 2.
300
Therefore, the data needed for the WDT procedure are: N = 42; m = 7; p = 2; γ = 6; t = 2; α = 301 17.14°; t = 2; ζ = 3. shown in the diagram of Figure 13 . By virtue of (11) the WDT can be divided into t = 2 basic tables as 305 shown in Table 15 . The related double-layer winding scheme is depicted in Figure 14 with a chosen 306 shortened coil pitch y c = 9. 
302
Procedures for Winding Optimization
308
The proposed procedure is also suitable for the implementation of winding optimization 309 techniques, such as interspersing for single-layer windings and double chording for double layer 310 windings. For instance, the WDT referred to a three-phase machine with p = 5 and a double-layer 311 winding located into 72 slots is reported in Table 15 , whereas the corresponding star of slots and 312 winding scheme are plotted in Figures 15 and 16 , respectively.
313
The double chording with y c = 6 and a three-order single-sided imbrication is obtained by Figure 14 . Winding scheme for a double-layer, seven-phase configuration with N = 42, p = 2, m = 7, y c = 9 and q = 1 + 1 /2. both circularly shifted and changed in sign), according to Table 16 . Indeed, the corresponding star of 318 slots is plotted in Figure 17 , whereas the modified winding scheme is plotted in Figure 18 .
319
Moreover, by shifting the WDT elements in accordance to Table 17 , it is possible to implement a 320 double chording technique with y c = 6 and a double-sided imbrication with order equal to 3. This case 321 differs from the previous one (single-sided imbrication) by the fact that the 2 · j columns are circularly 322 shifted for each side of the WDT, as shown by the arrows of Table 17 . The corresponding star of slots 323 and winding scheme are depicted in Figures 19 and 20 , respectively.
324
A triple chording can be performed in order to further reduce the winding harmonic content with 325 the following procedures whose results are given in 
341
The imbrication procedure can now be generalized.
342
1. For normal or non-reduced system windings the columns of positive slots that are to be shifted are shifted upwards by Winding with 1 path. cells, whereas the columns of negative slots must be shifted upwards by
2. For reduced system windings both the positive and the negative columns are to be shifted always upwards by 1 cell, i.e. s pos = 1 and s neg = 1
The sign of the cells of the last row must be then changed.
343
To clarify the procedure to carry out an imbrication in a reduced winding the following example 344 is presented. Here a 6-phase reduced winding with N = 96, p = 5, q = 1 + 2 /10 is considered.
345
After swapping Quadrants 1 and 3 of Table 23 and reordering it following Table 6 we obtain Table   346 24.
347
Now, by shifting upwards both columns 2 and 8 by one cell (s pos = 1 and s neg = 1), and by 348 changing the signs of the cells in the last row of the shifted columns (here row nr. 6) we obtain, finally, 349   Table 25 . Here again, in order to realize a radial symmetrical system, the even phase groups must be 350 multiplied by −1 (i.e rows 3 and 4 in Table 25 ).
351
The star of slots of the winding configuration without imbrication is shown in Figure 23a , whereas 352 the final configuration is shown in Figure 23a . N = 96, p = 5, m = 6 and q = 1 + 2 /10.
353 Table 25 . WDT of a 6-phase reduced winding with N = 96, p = 5, q = 1 + 2 /10, and double sided imbrication of the 1-st order. (a)
Winding with 1 path. 
Conclusions
354
This paper has presented a new, simple and effective procedure for the determination of the 
